INTRODUCTION
and no literature is available on the effects of AFB 1 on gene expression in ducklings. Therefore, the expression of major liver proteins was investigated, including those involved in antioxidant functions [ (IFNγ) ]. This study aimed to evaluate the effects of cultured AFB 1 on the growth, liver functions, and innate immune response in Pekin ducklings by measuring growth performance, serum biochemistry, serum natural antibody and complement activity, as well as the hepatic gene expression for the major proteins.
MATERIALS AND METHODS

Experimental Birds and Diets
A total of 144 male Pekin ducklings were obtained from a commercial hatchery (Maple Leaf Farms, Leesburg, IN), weighed, tagged, and randomly allotted to 24 battery cages. Ducklings were housed on raised wire floors in standard steel battery cages (516-cm 2 floor space per bird) equipped with nipple waterers (Alternative Design Manufacturing and Supply Inc., Siloam Springs, AR) in an environmentally controlled room. Feed and water were provided for ad libitum consumption over the entire study period (0 to 14 d posthatch). Ducklings were inspected daily for any health problems, and mortality was recorded as it occurred. The animal care and use protocol was reviewed and approved by the Purdue University Animal Care and Use Committee.
A completely randomized design was used with 4 treatments, 6 replicate cages per treatment, and 6 ducklings per cage. A corn-soybean meal-based basal diet (mash form) was formulated to contain 3,134 kcal/kg metabolizable energy, 22.5% CP, 1.46% lysine, 1.17% Ca, and 0.49% nonphytate P. Four premixes, contributing 0.5% of the final diets, were prepared with graded amount of cultured AFB 1 in ground corn (0, 42.0, 66.8 , and 100% of AFB 1 in ground corn) and then blended with the basal diet to create the 4 treatment diets, respectively. The cultured aflatoxin (60 mg/kg) was produced on ground corn using Aspergillus parasiticus (NRRL 2999) as described by Gowda et al. (2008) . Dietary AF concentrations, including AFB 1 , AFB 2 , AFG 1 , and AFG 2 , were analyzed by HPLC at Romer Labs (Union, MO). Briefly, the AF in diet samples were extracted using acetonitrile, purified using AflaStar (Romer Labs, Tulln, Austria) immune-affinity columns, rinsed, and eluted with methanol followed by deionized H 2 O. The purified extract was then injected into the HPLC system, and AF were detected and quantified with a fluorescence detector at 360-nm (excitation) and 440-nm (emission) wavelengths (Trucksess et al., 1994) .
The presence of other mycotoxins including fumonisins, deoxynivalenol, T-2 toxin, and zearalenone were analyzed to ensure they were below cautionary limits before the start of the study. These mycotoxin concentrations were analyzed using derivatization followed by HPLC and fluorescence detection at the Veterinary Diagnostic Laboratory at North Dakota State University (Fargo, ND; Raymond et al., 2003) .
Sample Collection
Feed intake (FI) and individual BW were measured weekly. At the conclusion of the experiment (d 14), total feed consumption was recorded for each cage. Average feed intake and BW gain (BWG) were corrected for mortality. All ducklings were euthanized using CO 2 asphyxiation, and 2 ducklings from each cage (12 ducklings per treatments) were randomly selected for blood collection. Liver weight was recorded for all ducklings, and relative liver weight was calculated as a percentage of BW. A section of liver sample from one duckling per cage was collected, preserved in RNAlater (Ambion, Austin, TX), and stored at −80°C for real-time quantitative PCR analysis.
Serum Chemistry and Complement Analysis
Approximately 2 mL of blood per duckling was collected via jugular vein after euthanasia for serum chemistry, natural antibody, and complement system analysis. Blood was centrifuged at 1,400 × g at 8°C for 15 min, and serum was separated and preserved at −20°C until it was submitted for biochemical analysis. Two replicate serum samples per cage (12 samples per treatment, 48 samples in total) were analyzed for albumin, globulin, total protein, glucose, urea N, creatinine, K, Cl, Ca, P, alanine amino transferase (ALT), alkaline phosphatase (ALP), aspartate amino transferase (AST), γ-glutamyl transferase (GGT), creatine phosphokinase (CPK), and uric acid. All biochemistry parameters were determined at the Veterinary Medical Diagnostic Laboratory of the University of Missouri (Columbus) using an auto-analyzer (Kodak Ektachem Analyzer, Eastman Kodak Co., Rochester, NY).
In addition, one serum sample per cage was analyzed for natural antibody and serum complement activity as described by Cotter (2012) . Briefly, the sera were diluted in PBS supplemented with Ca and Mg and tested by microtiter for the capacity to agglutinate and lyse rabbit, human, and horse erythrocytes. Rabbit and human erythrocytes were tested using 1% erythrocyte suspensions, and horse erythrocytes were tested using 0.5% erythrocyte suspension. The end-point (log 2 dilutions) were visually evaluated for 3 agglutination types: HA1 (strong), HA2 (weak), and HA45 (very weak) for natural antibody activity, and 2 degrees of lysis: L 100 (complete lysis) and L 50 (half lysis) for the complement activity (Cotter, 2012) .
Liver Gene Expression
Total RNA from liver samples (6 samples per treatment) was extracted by TRIzol (Invitrogen, Carlsbad, CA). Briefly, the tissue was ground in TRIzol reagent, incubated with 0.1 mL of 1-bromo-3-chloropropane, and centrifuged at 13,000 × g at 4°C for 15 min to collect the clear aqueous layer. The aqueous layer was then precipitated with isopropanol and centrifuged at 13,000 × g at 4°C for 10 min to collect an RNA pellet. The RNA pellet was washed with 75% ethanol twice, dissolved in nuclease-free water, and quantified at an absorbance of 260 nm (ND-1000, NanoDrop Technologies Inc., Wilmington, DE). Reverse transcription was carried out on the RNA samples with the M-MLV reverse transcriptase (Promega, Madison, WI). The expression of SOD, CTP1A, EH, MDH2, PPARα, and IFNγ were determined using quantitative real-time PCR (MyiQ real-time PCR detection system, Bio-Rad, Hercules, CA) with SYBR mix (Bio-Rad). The primer sequences used were based in a previous report (Hérault et al., 2008) or designed using Primer3 software (http://primer3.wi.mit.edu; Table 1 ). All reactions were analyzed in duplicate, and formation of a single PCR product was confirmed by melting curves. The standard curve was determined by using pooled samples, and water served as a negative control. Three segments for reactions were run: 1 cycle at 95°C for 5 min; 50 cycles at 95°C for 10 s, 55°C for 20 s, and 72°C for 20 s; and 71 cycles at 60°C for 10 s. The mRNA expression was determined from the threshold cycle for respective genes and calculated using the ΔΔCt method (Livak and Schmittgen, 2001 ) normalized using glyceraldehyde phosphate dehydrogenase expression. The expression of glyceraldehyde phosphate dehydrogenase was not different across treatments.
Statistical Analysis
All data were analyzed using the GLM procedure of ANOVA using the SAS (version 9.3, Cary, NC; SAS Institute Inc., 1990) for completely randomized designs. Orthogonal polynomial contrasts were used for determining the linear and quadratic effect of increasing AFB 1 concentration (analyzed basis) on all measurements, and the solutions option was used to generate the intercept and slope for cumulative feed intake, BWG, and serum proteins. Cage was the experimental unit. All data were tested for normality using the UNI-VARIATE procedure and common variance using the GLM procedure of SAS (9.3). Nonnormal data were transformed using the optimal Box-Cox transformation. A P-value ≤0.05 was considered significant and 0.05 < P ≤ 0.10 was considered a trend.
RESULTS
Aflatoxin Concentrations
The analyzed AFB 1 concentrations were 0.00, 0.11, 0.14, and 0.21 mg/kg for the 4 treatments, respectively. Dietary AFB 2 , AFG 1 , and AFG 2 were approximately 5.3, 37.0, and 2.0% of AFB 1 concentrations, respectively.
Growth Performance
The overall growth performance results are shown in Table 2 . Compared with control ducklings, those fed 0.11, 0.14, and 0.21 mg/kg AFB 1 had linearly and quadratically reduced FI by 6.0, 30.5, and 44.5%, respectively (P < 0.01). Cumulative BWG was also decreased linearly and quadratically with increasing AFB 1 (P < 0.01). On a percentage scale, the reduction was 10.9, 31.5, and 47.8% for the 0.11, 0.14, and 0.21 mg/kg AFB 1 diets, respectively. Gain:feed ratio was not affected by treatments. Relative liver weight tended to decrease quadratically with increasing AFB 1 concentration (P = 0.066). Based on the weekly performance data (Table 2) , the reduction of FI and BWG in response to AFB 1 started from 0 to 7 d, whereas G:F ratio did not have a significant regression pattern at all stages. Dietary AFB 1 did not affect duck mortality, which averaged 3.5% across all treatments to 14 d of age. The linear and quadratic regression equations of FI and BWG are shown in Table 3 .
Serum Biochemistry
Feeding 0.11 to 0.21 mg/kg AFB 1 to ducklings resulted in linear reduction of serum glucose, creatinine, al- 
bumin, total protein, globulin, Ca, P, and CPK (Table  4 ; P < 0.01). Serum urea N, Cl, ALP, and AST levels were linearly increased by AFB 1 (P < 0.05). Serum concentrations of Na, CO 2 , anion gap, ALT, and GGT did not show significant regression patterns with the AFB 1 concentration tested, whereas serum K and uric acid were quadratically related to AFB 1 concentration (P < 0.01). The linear and quadratic regression equations of serum albumin, total protein, and globulin are shown in Table 3 .
Natural Antibody and Serum Complement Activity
The natural antibody and serum complement activity results are shown in Table 5 . The L 100 and L 50 values represent complete lysis and half lysis titers, representing the classic and alternative complement pathways, respectively. The L 100 and L 50 values were linearly reduced with increasing AFB 1 concentration for all 3 erythrocytes (rabbit, human, and horse; P ≤ 0.019), with the exception of the horse L 50 value. In addition, the rabbit HA1 value, which represents strong hemagglutination, was linearly decreased by AFB 1 (P < 0.001).
Liver Gene Expression
The expression of SOD, EH, CPT1A, MDH2, PPARα, and IFNγ was determined (Table 6 ). Inclusion of 0.11 to 0.21 mg/kg AFB 1 linearly decreased the expression of PPARα (P < 0.01), whereas the expression of SOD and CPT1A tended to decrease linearly by increasing AFB 1 concentration (P ≤ 0.092). There was no effect 
DISCUSSION
Although extensive information is available on the effects of AF in other livestock animals, there is less on ducklings, the most sensitive poultry species (Muller et al., 1970; Bintvihok, 2011; Diaz and Murcia, 2011) . The observations of He et al. (2012) of decreased performance and decreased liver enzymes in ducklings fed contaminated corn (containing 0 to 0.13 mg/kg AFB 1 )
is consistent with the current observations of hepatotoxicity and depressed production. In our study, increasing AFB 1 concentration also reduced BWG and FI linearly and quadratically when regressed against the analyzed AFB 1 levels (0.00, 0.11, 0.14, and 0.21 mg/kg AFB 1 ). Based on the linear regression equations (Table  3) , for every 0.1-mg/kg increase in dietary AFB 1 , there is approximately a 230-and 163-g decrease per bird in cumulative feed intake and BWG, respectively. These effects started as early as 0 to 7 d of age. The AFB 1 concentrations that are detrimental to ducklings (0.11 to 0.21 mg/kg) are extremely low compared with broil- 2 CREAT = creatinine, ALT = alanine transaminase, AST = aspartate transaminase, ALP = alkaline phosphatase, GGT = gamma glutamyl transpeptidase, CPK = creatine phosphokinase.
3 Calculated from K, Na, Cl, and CO 2 . 4 Calculated from albumin and total protein. 3 Rb and HuO were tested using 1% erythrocyte suspensions and 0.5% for Ho. 4 Parameters = log 2 dilutions, representing end-point titers, i.e., 3 = 1:8 dilution of serum, and so on. 5 HA1 = strong hemagglutination, HA2 = weak hemagglutination, HA45 = very weak hemagglutination. 6 L 100 = complete lysis and L 50 = incomplete lysis titers, representing the classic and alternate lytic pathways, respectively. 7 All P-values were based on Box-Cox transformed data.
ers. Numerous studies indicate that at least 0.5 mg/kg AFB 1 (cultured or purified) could lead to a significant reduction in BWG (Ledoux et al., 1999; Verma et al., 2004; Basmcioglu et al., 2005; Manafi et al., 2012) . Using the same cultured AFB 1 source fed to broilers, 0.5 and 1 mg/kg AFB 1 did not affect FI nor BWG, whereas only 2 mg/kg AFB 1 reduced BWG by approximately 25% on d 21 (P < 0.05; data not shown).
Dietary AFB 1 did not affect G:F ratio in this study, but others have found such effects (Verma et al., 2004; Han et al., 2008) . Nevertheless, reduced FI is responsible for most of the reduction in BWG. When the ingested AFB 1 level (FI × analyzed AFB concentration) for each treatment was calculated, the ingested levels for 0.11-and 0.14-mg/kg AFB 1 treatments were quite similar (Table 2 ), yet the BWG of birds fed the 0.14-mg/kg AFB 1 diet (ingested AFB 1 = 0.10 mg/bird) was significantly lower than those fed the 0.11-mg/kg AFB 1 diet. Therefore, it is clear that AFB 1 suppresses growth primarily by suppressing feed intake. In ducklings fed 0.14 mg/kg AFB 1 , FI was reduced by 55.5%, whereas in chicks fed 2 mg/kg AFB 1 , the reduction was only 17.4%. Enzymes responsible for activation of AFB 1 (cytochrome P450 family) are higher in ducklings than in chicken, turkey, or quail (Diaz and Murcia, 2011) . Although this may account for part of the species difference, further studies are needed. In He's study (He et al., 2012) , there was a linear association between mortality and AFB 1 concentrations over the course of their experiment, with mortality mainly occurring after d 14. In our study, the early mortality was low (3.5%). The combined observations suggest that AFB 1 effects are cumulative, and high mortality could be anticipated if ducklings were continuously exposed over the premarket course. Mortality may be higher in naturally contaminated diets because of mycotoxin interactions; such deleterious combinations have been documented by others (Kubena et al., 1997; Verma et al., 2004; Manafi et al., 2012) . Therefore, 0.11 to 0.21 mg/kg dietary AFB 1 is expected to be even more detrimental to ducklings in practical situations if any feed ingredients are naturally contaminated with mycotoxins and fed chronically for over 2 consecutive weeks.
The serum biochemistry panel results were consistent with performance. As expected, serum proteins including albumin, globulin, and total protein were all reduced linearly and quadratically by increasing AFB 1 levels. This indicated that AFB 1 negatively affected liver physiology and caused injury to that organ as a result of impaired protein synthesis (zhao et al., 2010) . Based on the increase in serum urea N levels, it is likely that impaired protein synthesis was due to lower utilization of amino acids (Coma et al., 1995) . Elevation in serum AST, ALT, ALP, and GGT indicates cellular (hepatocyte) damage, consistent with what occurs when the liver is damaged by viral hepatitis. Manning and Wyatt (1990) and Abdolamir et al. (2005) reported that blood AST was higher in aflatoxin-fed birds as compared with controls. Méndez-Albores et al. (2006) reported that ducklings fed a 0.1-mg/kg AFB 1 diet showed significantly increased AST, ALT, and AST:ALT ratio. Here, serum ALP and AST concentrations were both elevated linearly in ducklings with increasing AFB 1 (P < 0.05), which agrees with previous research and demonstrated the cellular damage and hepatotoxic effects of AFB 1 . The AST:ALT ratio is an indication of liver function and is positively correlated with the stage of liver fibrosis (Sheth et al., 1998 ). In the current study, the AST:ALT ratio increased from 1.87 in the control group to 2.5 in the 0.21-mg/kg AFB 1 group, indicating that AFB 1 increased liver fibrosis in ducklings. Meanwhile, low serum creatinine level is associated with severe hepatic disease (Takabatake et al., 1988) , which was observed in our study from a dose of 0.11 mg/kg AFB 1 . In the ducklings fed 0.21 mg/kg AFB 1 , the serum creatinine was below the detection limit under the analytical conditions used; this added further proof that AFB 1 at ≤0.21-mg/kg intake could induce severe liver disease in ducklings. Serum Ca and P were both reduced linearly by increasing AFB 1 . This is in agreement with reports on broilers where AFB 1 levels at 1 mg/kg or more negatively affected serum Ca levels (Kubena et al., 1997; Gowda et al., 2008; zhao et al., 2010) . Additionally, AFB 1 also reduced serum CPK concentration (linear effect, P < 0.05). To our knowledge, no reports are available on the serum CPK changes induced by AFB 1 in ducklings. However, this might be a consequence of diminished efflux of muscle CPK into serum resulting from severely reduced muscle mass, and low serum CPK levels have been reported to associate with liver diseases, including acute viral hepatitis, in human patients (Barnert and Behr, 1985) . Aflatoxin B 1 has also been shown to cause immunosuppression in poultry. The complement system, consisting of approximately 20 proteins that are primarily produced by the liver, is a vital component of the immune system and a potent initiator of inflammatory reactions. There are 3 different activation pathways of the complement system. The classical pathway is activated by antibody-antigen complexes, whereas the alternative and lectin pathways are part of the innate immune system and are directly activated by microorganisms (Koppenheffer et al., 1999) . Stewart et al. (1985) compared the total hemolytic complement activity in chickens fed aflatoxin or normal diets. Results showed that 2.5 mg/kg AFB 1 significantly decreased total complement activity in chickens that were fed to 42 d of age, but birds were not affected by 0.625-or 1.25-mg/kg AFB concentrations. Herein, AFB 1 level as low as 0.11 mg/kg can impair the classic and alternative pathways of the ducklings, as shown by decreased L 100 and L 50 values. This finding of impaired complement system was also supported by the reduced serum protein levels, which is an indication of liver protein synthesis failure. Complement proteins are mainly liver products, so it is not surprising that AFB 1 reduced their activity. Here we show that AFB 1 also affected natural antibody production, especially the natural rabbit agglutinin. Thus AFB 1 is able to suppress a broader spectrum of immune function than that attributed to its hepatotoxicity. Natural antibodies are important as a wide variety of defense mechanisms, enhance acquired immunity, interact with complement, and are crucial for defense (Ochsenbein and zinkernagel, 2000) . Therefore, if AFB 1 affects any of these, it is likely to increase morbidity and mortality of animals.
To our knowledge, this is the first study that examined the effects of AFB 1 on liver gene expression in ducklings. Previous studies, although also limited, have used broilers as the model animal. In our study, we have measured the expression for SOD, EH, CTP1A, MDH2, PPARα, and IFNγ. Selection of these 6 genes was made because they encode major proteins that cover the effects on liver antioxidant capacity (SOD), energy metabolism (CPT1A), metabolism of AFB 1 (EH), carbohydrate and lipid metabolism (MDH2 and PPARα), and immune response (IFNγ). Results showed that hepatic expression of PPARα was linearly decreased by AFB 1 , whereas SOD and CPT1A expressions tended to decrease linearly with increasing AFB 1 concentrations.
As a nuclear receptor, PPARα is a major regulator of lipid and glucose homeostasis (Smith, 1996) . Activation of PPARα in the liver leads to an increase of the expression and activity of a lipolysis enzyme, lipoprotein lipase, and therefore promotes the clearance of triglyceride-rich lipoproteins as well as circulating triglyceride levels (Schoonjans et al., 1996) . The downregulation of PPARα by AFB 1 indicates that the lipid metabolism of the ducklings was impaired, which is possibly linked to lipid accumulation during aflatoxicosis. Moreover, PPARα influences the expression of numerous genes involved in major pathways of amino acid metabolism. Kersten et al. (2001) reported that fasting PPARα-null mice have increased mRNA levels of 4 urea cycle enzymes and higher plasma urea concentration compared with wild type. Collectively, PPARα plays a vital role in glucose, lipid, and protein metabolism. Thus, impaired PPARα expression and function is likely to lead to impaired lipid clearance and inefficient protein utilization; the latter was supported by increased serum urea N from 2.92 to 3.92 mg/dL as mentioned above.
No statistical changes of hepatic EH, CPT1A, MDH2, or IFNγ expressions were observed. However, there was a trend of SOD and CPT1A expression toward decreasing with increasing AFB 1 concentrations. The release of free radicals induced by AFB 1 can initiate oxidative stress and cause damage to cell membranes (Rastogi et al., 2001) . Superoxide dismutase is a major antioxidant enzyme in the liver, and decreased activity and expression of SOD have been found during aflatoxicosis (Rastogi et al., 2001; Yarru et al., 2009) . Carnitine palmitoyltransferase I A, encoded by CPT1A, is an enzyme that facilitates in the transportation of long-chain fatty acids from the cytosol into the intermembrane space of mitochondria, which then can be transported by CPT2 into the matrix for fatty acid oxidation (Kerner and Hoppel, 2000) . Therefore, the CPT enzymes are crucial in regulating fatty acid metabolism. We hypothesized that CPT1 expression would be downregulated by AFB 1 because lipid accumulation in the liver is common during aflatoxicosis (Hamilton and Garlich, 1971; Abdolamir et al., 2005) . This lipid accumulation in the liver cytosol can be induced if less CPT1A is available to facilitate the transportation of fatty acids. However, the changes of CPT1A expression in response to AFB 1 up to 0.21 mg/kg were not statistically significant in ducklings.
Given the low AFB 1 concentrations used in the current study compared with 1.0 to 1.8 mg/kg used in other gene-expression studies (Meissonnier et al., 2008; Yarru et al., 2009) , it is possible that higher AFB 1 concentration can induce statistical changes in a wider array of hepatic genes. However, the dramatic reduction of FI and BWG caused by 0.11 to 0.21 mg/kg AFB 1 reassures that the primary damage of AFB 1 in ducklings is FI inhibition. Therefore, approaches to prevent adverse effects of AFB 1 in ducklings should focus on reducing AFB 1 content in feed before absorption by the ducklings. In this sense, proper storage of crops and feed ingredients, regular feed sampling and analysis, and use of aflatoxin adsorbents are recommended to help ameliorate AFB 1 toxicity in ducklings.
The current study is the first to investigate the effects of cultured aflatoxin at graded concentrations in ducklings. Results indicated that diets with 0.11 to 0.21 mg of AFB 1 /kg could dramatically depress FI and BWG in ducklings. For every 0.1-mg/kg increase in dietary AFB 1 , the reduction in FI and BWG approximates 230 and 163 g/bird from 0 to 14 d, respectively. Impaired liver function and alteration of serum proteins and enzyme activity also resulted from exposure to AFB 1 . Moreover, herein, AFB 1 led to impairment of the innate immunity by decreasing natural antibody and serum complement activities, whereas others have noticed such alteration in acquired immunity (Pier, 1981; Ghosh et al., 1991) . Our observations also suggest that poor FI is the most profound harm of AFB 1 in duck growth. Increased leptin and decreased neuropeptide Y levels in response to AFB 1 might be possible contributors to FI reduction (Feng, 2010) , but the exact mechanism and species differences in FI regulation upon AFB 1 exposure awaits further research to better understand different degrees of susceptibility among poultry species.
